Regulatory proteins of the Ras superfamily of guanosine triphosphatases (GTPases) are activated and deactivated in a cycle of guanine nucleotide binding, hydrolysis, and release. In this regulatory paradigm, the GTP-bound forms of Ras and its homologs are able to control the activities of their macromolecular partners (effectors), whereas the guanosine diphosphate (GDP)-bound forms cannot. Guanine nucleotides affect the functional state of Ras GTPases and heterotrimeric GTP-binding proteins (G proteins) through two switch regions (Fig. 1A) . These short stretches of polypeptide chain also contribute to the binding site for the nucleotide and its complexed cofactor Mg 2+ and provide residues that have roles in catalyzing nucleotide hydrolysis (1) [reviewed in (2, 3) ]. The switch segments also constitute an important part of the binding sites for effectors, and thereby directly couple GTP hydrolysis to effector regulation. This was f irst elucidated in the crystal structure of the Ras homolog Rap1a bound to the Ras binding domain of Raf1 kinase (4) , and in the complex between the α subunit of the heterotrimeric G protein G s and the catalytic domains of its effector, adenylyl cyclase (5) . It was immediately apparent from these two structures that no single mode of interaction characterizes a GTPase-effector protein complex. This initial impression has been borne out by subsequent structural studies of other small GTPases and G proteins bound to their effectors, such as Rab3a-rabphilin (6), Ran-importin β (7), and Rho-PKN (8) , to name a few disparate examples. Yet, common to all of these structural interactions is a mechanism through which the nucleotide-dependent conformational state of one or both switch regions is directly coupled to effector binding. Though it is often assumed that each of the two switch segments adopts either a single "on" or a single "off " state, complementary evidence from nuclear magnetic resonance (NMR) and crystallography now suggest that small-GTPase and G-protein switch regions are in dynamic equilibrium among several discrete conformations. Thus, the multiplicity of conformations may account in part for the activation barriers to GTP hydrolysis, and at the same time they may provide small GTPases and G proteins the capacity to recognize multiple ligands and to be differentially regulated by them.
Hints of the plasticity of Ras switch regions were evident even in the first crystallographic studies, in which the "effector binding loop" (switch I) of the GDP-bound form was found to be flexible, as characterized by high thermal parameters. On binding to GTP, switch I adopts an alternative conformation that allows a conserved threonine residue to form a hydrogen bond with the γ phosphate of the nucleotide and to participate in the complexation of the essential Mg 2+ (Fig. 1A) . In contrast, switch II appears to be flexible and, in fact, polymorphic in both GTP-and GDP-bound states, although the spatially averaged conformations of the GDP-and GTP-bound states are substantially different (1, 9) .
Heteronuclear NMR experiments reveal the dynamic nature of the protean switches. In the GDP-bound state of Ras in solution, switch regions display motion in the nanosecond time scale (10) (Fig. 1B) , but in structures of complexes with GTP analogs such as GppNHp and GppCH 2 p (where the bridging oxygen between the β and γ phosphates is replaced by an imido or methylene group, respectively), the switch regions display more complex behavior. Using 31 P NMR spectroscopy with radiolabeled nucleotides, structural changes at the active site can be directly detected. Observations of Ras complexed to GppNHp (11) show that the nucleotide β phosphate reacts to at least two distinct environments, and at 30°C, rapidly exchanges between them on the order of milliseconds. In Ran•GppNHp, it is the nucleotide's γ-phosphate resonance that appears as a doublet (12) . Although it is difficult to identify the structural elements responsible for these environmental fluctuations, it is likely that transitions within switch I are responsible. In both proteins, crystal structures show that transition to the GTP state causes a conformational change in which the conserved Tyr 32 forms a hydrogen bond with the nucleotide γ phosphate. Upon binding to their effectors in solution-RafBD1 to Raf and Ral-GDF to Ras-the switch regions become static. The environment of the phosphates in these complexes is consistent with the corresponding crystal structures in which the Tyr 32 -γ-phosphate interaction is present (4, 13) . Thus, in forming complexes with their small-GTPase targets, effectors selectively choose one of many possible switch configurations. The structure of switch I in Ran differs from that of Ras. Transition to the GTP-binding state in Ran results in an extensive reorganization, similar to that observed in ARF1 (14) and Elongation factor Tu (EF-Tu) (15, 16) and quite unlike the modest structural changes seen in Ras. Remarkably, Ran and Ras converge on a similar pair of switch I conformations in the GTP-bound state. In Ran, the enthalpy of formation is different for the two states, resulting in strong temperature dependence of the equilibrium constant (12) . The states appear to be in intermediate exchange with a rate constant near 200 s −1 . In Ras, the corresponding states appear to be approximately isoenergetic, and interconversion occurs more rapidly, at a rate of 3000 s −1 . It is a matter of conjecture whether these distinctive dynamic and thermodynamic properties are a direct consequence of the structural transformations observed in crystal complexes. (19) . In Cdc42, switch II appears to undergo fluctuations in two time scales. Rapid, high-amplitude fluctuations occur about discrete, stable conformations that interconvert in millisecond or slower regimes (20) .
What, then, is the significance of conformational polymorphism in small-GTPase and G-protein active sites? There are several plausible answers to this question. The first relates to a fundamental property of all regulatory GTP-hydrolases: the extraordinarily low rate at which they hydrolyze GTP, and the coupling of hydrolysis to effector release. Crystal structures of small GTPases complexed with GTP analogs demonstrate only weak physical coupling of active-site residues, particularly the catalytic glutamine (Gln 61 in Ras), to the scissile bond of the nucleotide (9). We have argued that the GppNHp-bound conformation of Gα i corresponds to an auto-inhibited state, in which catalytic residues are incapable of stabilizing the transition state (21) . The basal state represented by EF-Tu•GppNHp is an extreme example of auto-inhibition (22) . In the transition state, mimicked by structures of G proteins bound to GDP-Mg 2+ -fluoroaluminate, the catalytic residues reorient to engage the nucleotide γ-phosphate (23). Hence, a conformational transition of the two switch regions is required in order to perform GTP hydrolysis. This transition might be ratelimiting for GTP hydrolysis, but can be accelerated by GTPaseactivating proteins (GAPs) acting on small GTPases, or by their functional analogs, the regulators of G protein signaling (RGS) that act on heterotrimeric Gα subunits.
Structural studies of GAP-GTPase interactions have focused largely upon complexes that include GDP-Mg 2+ -fluoroaluminate-bound GTPases, thus highlighting the mechanism of transition-state stabilization. From these investigations it seemed apparent that Ras and Rho-family GTPases stimulate GTP hydrolysis in two ways: first, the GAPs supply a catalytic arginine to the GTPase active site that may stabilize the pentacoordinate phosphoryl transition state; and second, GAPs reduce the flexibility of the switch segments and stabilize them in a catalytically functional state (24) (25) (26) . The first of these mechanisms does not apply to the more catalytically active Gα proteins, which possess their own intrinsic catalytic arginine residue. RGS proteins apparently need only to stabilize the switch regions in conformations that are complementary to the transition state (and perhaps also to destabilize the ground state) (27) . Unfortunately, structures of GDP-Mg 2+ -fluoroaluminate-bound GTPases do not provide insight into the mechanism by which GAPs actually catalyze the conformational transition from the ground state. However, 31 P NMR studies of GppNHp•Ras in the presence of GAP are more enlightening, and indicate that GAP does not interact directly with the catalytic site, in the enzyme-substrate complex (in distinction from the transition state), but rather accelerates the interconversion between the conformations sensed by the 31 P-labeled phosphate (11) . This picture is roughly consistent with the structure of the Cdc42•GppNHp bound to RhoA GAP, where GAP interacts with the switch regions but does not inject a catalytic arginine into the active site of Cdc42 (28) . Acting on the ground-state enzyme-substrate complex, GAPs appear to reduce the activation-energy barriers to conformational exchange within the switch elements. This is quite different from the behavior of effectors of the same GTPases, which (in the absence of GAP activity) stabilize the GTP-bound ground state. From a molecular dynamic perspective, GAPs can be said to unlock the catalytic potential of their GTPase substrates by reducing the activation-energy barrier to formation of a functional active site.
P E R S P E C T I V E
Here it is necessary to insert a caveat: The states that contribute to conformational ensembles inferred from NMR data cannot be directly correlated with conformations of effector and switch regions observed in crystal structures. Rather, slow exchange kinetics provides evidence for equilibrium among several stable conformations. We conjecture that, in solution, the mobile switch regions visit states that we are able to observe in crystals, where they are stabilized by packing forces or, more importantly, by interactions with effectors and regulators.
Effectors can also change the catalytic properties of the GTPase to which they bind by selectively associating with one of several switch conformations-the one that confers the required property. This is nicely illustrated in the interaction between Ran•GppNHp and importin β, which mimics the complex that escorts protein cargo from the nucleus, through the nuclear pore, to the cytoplasm (7). GTP hydrolysis in transit would lead to premature and unproductive dissociation of the complex. Importin β inhibits such wasteful reactions by stabilizing a conformational variant of switch II that constrains the catalytic glutamine from interacting with the nucleotide phosphate ( Fig. 2A) . At the same time, the complex is not subject to the action of either RanGAP or the Ran exchange factor RCC1. A second effector, RanBP2, also binds exclusively to the GTP state of Ran. This multidomain effector is positioned at the cytoplasmic side of the nuclear core complex, where it displaces importin β from the Ran-cargo complex and leaves Ran susceptible to the action of RanGAP, but not to RCC1. The structure of the complex between Ran•GppNHp and the first Ran binding domain of RanBP2 (RBD1) shows that GTP-induced conformational changes in the effector loop are coupled to a large rearrangement of the COOH-terminus that is crucial for RBD1 binding. However, although RBD1, like importin β, recognizes GTP-bound Ran, it associates by an entirely different mechanism. Although RBD1 makes extensive contacts with switch I and the COOH-terminus of Ran, it does not contact switch II. Switch II is ordered, but adopts a conformation different from that seen in the complex with importin β. When bound to RBD1, the catalytic glutamine of Ran is not constrained from performing its catalytic function (Fig. 2B) . Although the 15 N heteronuclear NMR analyses of Ran•GppNHp described above offer no direct clues to the nature or degree of polymorphism in switch II, we conjecture that both of the conformations recognized by Ran effectors are stable in the free, GTP-bound protein. By selecting among them, effectors are able to direct the catalytic consequences of their interactions and at the same time, facilitate or restrict access to other regulators. Conformational plasticity can also serve in the recognition of multiple ligands. Cdc42, a Rho-family GTPase involved in the regulation of the actin cytoskeleton, binds several effectors, including p21-regulated kinase (PAK), ACK tyrosine kinase, and Wiskott-Aldrich syndrome proteins (WASPs). Structures of Cdc42•GppNHp bound to the effector domains of all three proteins have been determined by heteronuclear multidimensional NMR (29) (30) (31) . Near the NH 2 -terminus of each of the three binding domains is a Cdc42/Rac interactive binding (CRIB) region (32), a 16-residue consensus sequence found in many Cdc42 effectors. In each of the three complexes, the CRIB sequence adopts an extended structure followed by a hairpin and engages residues within the effector loop (switch I) of Cdc42. Some of the interactions are conserved in all three CRIB sequences; however, there are important differences in their interactions with switch I, which may allow WASP and ACK to discriminate between Cdc42 and its close homolog Rac, which they do not recognize. PAK, in contrast, binds to both G proteins. Following the CRIB sequence is a COOH-terminal segment that forms a helix in both WASP and PAK, but has no regular secondary structure in ACK. This segment forms substantial contacts with switch II in all three complexes. The Cdc42 residues contacted in each case are different and accordingly, in each complex, switch II adopts a different conformation to accommodate each of the three effector binding domains. Many residues in the switch residues are not observed in the spectrum of Cdc42•GppNHp alone. The remainder, as noted above, are dynamic in the millisecond time scale, consistent with dynamic interconversion among different conformations (33) . The missing resonances reappear in the spectra of the Cdc42-PAK, and in the other complexes, signaling a transition to a single, welldefined switch conformation.
That the GTPase switch regions adopt alternative conformations when bound to different effectors and regulators is not, in itself, surprising. The remarkable insight afforded by the NMR studies of free GTPase complexes is that these conformations preexist as a repertoire of states before their macromolecular partners are bound. Thus, GTPases may present a palette of switch conformations that are complementary to and specific for different binding surfaces. In this way they avoid the large entropic cost associated with induced fit, or reduction of degrees of freedom from a fully disordered state. Just as researchers exploit sequence variation in phage display libraries to capture diverse protein ligands, small GTPases and G proteins have evolved to display disparate conformations to recognize different regulatory targets.
